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Background: Telomeric repeat-containing RNA has recently been found in mammalian cells.
Results:Oligonucleotide models of telomeric DNA and RNA form a hybrid G-quadruplex structure.
Conclusion:We suggest a model system for understanding the structure and function of human telomeres.
Significance:Our finding provides valuable information for understanding the structure and function of human telomericDNA
and RNA.

Telomeric repeat-containing RNA, a non-coding RNA mole-
cule, has recently been found in mammalian cells. The detailed
structural features and functions of the telomeric RNA at
human chromosome ends remain unclear, although this RNA
moleculemaybe a key component of the telomeremachinery. In
this study, using model human telomeric DNA and RNA
sequences, we demonstrated that human telomeric RNA and
DNA oligonucleotides form a DNA-RNA G-quadruplex. We
next employed chemistry-based oligonucleotide probes to
mimic the naturally formed telomeric DNA-RNA G-quadru-
plexes in living cells, suggesting that the process of DNA-RNA
G-quadruplex formation with oligonucleotide models of telo-
meric DNA and RNA could occur in cells. Furthermore, we
investigated the possible roles of this DNA-RNAG-quadruplex.
The formation of the DNA-RNA G-quadruplex causes a signif-
icant increase in the clonogenic capacity of cells and has an
effect on inhibition of cellular senescence. Here, we have used a
model system to provide evidence about the formation of
G-quadruplex structures involving telomeric DNA and RNA
sequences that have the potential to provide a protective cap-
ping structure for telomere ends.

Telomeres play an important role in genome stability and in
cell growth by protecting chromosomal ends (1). These protec-
tive functions of telomeres are thought to be due to telomere-
specific DNA conformations (1). In humans, telomeric DNA
consists of a duplex region, composed of TTAGGG repeats,
ending in a shorter G-rich single-stranded overhang. Previous

studies have suggested that human telomeric DNAmay exist in
multiple states such as G-quadruplexes or T-loops (2–5). For
example, we, along with two other groups, determined the
topology of human telomeric G-quadruplex in K� solution
(6–8). Our recent studies also demonstrated that telomeric
overhang DNA forms a higher-order DNA structure contain-
ing consecutive G-quadruplexes (9). Recently, it has been sug-
gested that the protective function of the telomere may depend
on its structures (10). However, how these structures provide
this protection is not yet well known.
Telomeres have long been considered to be transcriptionally

silent. However, recent studies have demonstrated that telo-
meric DNA is transcribed into telomeric repeat-containing
RNA (referred to as TERRA2) in mammalian cells (11, 12).
These telomeric RNA molecules were detected in various
human and rodent cell lines, containing mainly UUAGGG
repeats of heterogeneous length. These findings raise the
important question of how telomeric RNA is specifically asso-
ciated with telomeric DNA in terms of chromosome end pro-
tection. The existence of telomeric RNAmay reveal a new level
of protection of chromosome ends that could provide new
insights into fundamental biological processes such as cancer
and aging (11–14). Determining the structure and function of
TERRA RNAwill be essential for understanding telomere biol-
ogy and telomere-related diseases. UsingNMRor x-ray crystal-
lography, we and other groups have demonstrated that human
telomere RNA forms G-quadruplex structures (15–19). More
recently, we found that human telomere RNA forms a G-qua-
druplex structure in living cells by employing a light-switching
probe (20).
In this study, we first investigated the possible association

between telomeric RNAand telomericDNA.Multiplemethods
such as CD, NMR, MALDI-TOF MS, and DMS footprinting
were used to provide several complementary lines of evidence
for intermolecular G-quadruplex formation by telomeric RNA
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and DNA oligonucleotides. Employing two fluorophore-la-
beled probes to mimic the DNA-RNA G-quadruplex in living
cells, we found that oligonucleotide models of telomeric DNA
and RNA can colocalize and form a DNA-RNA G-quadruplex
in living cells.We further designed and synthesized a “light-up”
probe to mimic the naturally formed structure in living cells. A
profluorophore probe that resulted in a strong fluorescence by
eliminating its fluorescence quenching was used to detect
DNA-RNA G-quadruplex structures. Using this probe, we
found that the process of DNA-RNA G-quadruplex formation
by oligonucleotide models of telomeric DNA and RNA could
occur in cells.
Next, we investigated the possible roles of the DNA-RNA

G-quadruplex in telomere protection. We found that the
human telomericDNA-RNAG-quadruplex causes a significant
increase in the clonogenic capacity of cells when exposed to an
oligonucleotide (T-oligo) homologous to the telomeric 3� sin-
gle-stranded overhang to activate DNA damage signals and
induce senescence in cells. Furthermore, we demonstrated that
the DNA-RNA G-quadruplex inhibits chromosome end
fusions andhas an effect on the inhibition of cellular senescence
using the inhibition of telomeric repeat binding factor (TRF 2)
by inducing a dominant negative allele of TRF 2 (TRF 2�B�M).
These results suggest that the formation of the DNA-RNA
G-quadruplex by telomeric RNA and DNA contributes to
telomere end protection, providing valuable information for
understanding the structure and function of human telomere
DNA and RNA.

EXPERIMENTAL PROCEDURES

DMS Footprinting—50 �M of FAM-labeled DNA-1 with or
without 50 �M telomeric RNA-1 in 140 mM KCl was denatured
at 95 °C and annealed with cooling 0.5 °C/min to 4 °C. 10 �l of
0.5% dimethyl sulfate was added to 40 �l of 2.5 �M annealed
oligonucleotides in 140 mM KCl solution for 1–25 min on ice.
Each reactionwas quenchedwith addition of 13�l of stop solu-
tion (1.5 M sodium acetate, 1 M �-mercaptoethanol, and 1�g/�l
calf thymus DNA). After two ethanol precipitations, oligonu-
cleotides were cleaved with 1 M piperidine at 95 °C for 30 min.
The cleaved products were dissolved in loading buffer and ana-
lyzed by 20% denaturing PAGE, followed by visualization with
GelStar (Lonza). FLA-3000 (Fujifilm) was used for detection.
CD Measurements and Analysis of CD Melting Profile—CD

spectra were measured using a Jasco model J-725 CD spectro-
photometer. The spectra were recorded using a 1-cm path-
length cell. In CD melting studies, diluted samples were equil-
ibrated at room temperature for several hours to obtain
equilibrium spectra. Themelting curveswere obtained bymon-
itoring a 260-nm CD band. Solutions for CD spectra were pre-
pared as 0.3-ml samples at 10 �M strand concentration in the
presence of 100 mM KCl or NaCl and 5 mM HEPES buffer (pH
7.0). CD spectra of telomeric DNA (DNA-2) in the presence of
KCl or NaCl were examined. Then, upon addition of telomeric
RNA (RNA-1) to telomeric DNA (DNA-2), the solutions of CD
spectra were investigated.
MALDI-TOF MS—The MALDI matrix was 3-hydroxypico-

linic acid, 50:50 acetonitrile/H2O, ammonium iron citrate. 1 �l
of sample (0.5 mMDNA-RNA complex oligo, 200 mMKCl) was

mixedwith 1�l of matrix solution. A spot of 1�l of the sample-
matrix mixture was placed on a stainless steel (384-well)
MALDI target plate and allowed to air dry at room tempera-
ture. The MALDI-TOF MS spectrum was measured using a
matrix-assisted laser desorption/ionization time of flight mass
spectrometer on anAutoflex III Smartbeammass spectrometer
(positive mode).
NMR Experiments—NMR experiments were performed on a

Bruker DRX-600 spectrometer. An RNA-1 (0.1 mM) and
DNA-2 (0.1 mM) complex oligo was dissolved in 0.5 ml of 90%
H2O/10% D2O, 10 mM Na-phosphate (pH 6.8), and 200 mM

KCl.
Fluorescent Measurements—Fluorescent spectra were meas-

ured using a Jasco model FP-6500 spectrofluorometer. The
spectra were recorded using a 1-cm path-length cell. For each
sample, at least two spectrum scans were accumulated over a
wavelength range from 300–650 nm. In photography experi-
ments, UV irradiation of 365 nm was achieved with a UV Spot
Light Source (Hamamatsu Photonics, 200 W) and UV-D36C
filter (Asahi Technoglass).
Synthesis of 7-Azidocoumarin-labeled Oligonucleotide—

Preparation of 7-azidocoumarin is described in the supplemen-
tal material. To incorporate the azido group at the 5� end of
C6-aminoalkyl oligonucleotide, 30 nmol of the oligonucleotide
in 300 �l of 0.5 M Na2CO3/NaHCO3 buffer (pH 9.2) was incu-
bated for 12 h at room temperature with 10 �mol of succinimi-
dyl-7-azidocoumarin 6 in 80 �l of dimethyl sulfoxide. The
crude oligonucleotide was purified by reverse-phase HPLC
(MALDI-TOF MS: calculated, 4136.79; found, 4137.64).
Click Ligation of Oligonucleotides—To 50 �l of Tris[(1-ben-

zyl-1H-1,2,3-triazol-4-yl)-methyl]amine ligand (0.7 mM as final
concentration), sodium ascorbate (1 mM), and CuSO4�5H2O
(100 �M) were added sequentially to prepare the “Cu catalyst.”
7-azidocoumarin-contained DNA-3 (1 �M) and alkyne-con-
tained RNA-2 (1 �M) were added to the Cu catalyst solution,
and the reactionmixture was kept at room temperature for 2 h.
After completion of the reaction, click-ligated oligonucleotide
was purified by RP-HPLC and analyzed by MALDI-TOF mass
spectrometry (calculated, 8215.24; found, 8217.43).
Fluorescence Microscopy—HeLa cells (3 � 104) were seeded

in a 35-mmdish for fluorescencemicroscopy experiments. Cul-
tureswere incubated at 37 °C and 5%CO2 inDMEMcontaining
10% FBS and antibiotics. For transfection, probes (0.4�M) were
diluted with DMEM without 10% FBS and antibiotics. Lipo-
fectamine 2000 reagent (Invitrogen) (10 �l) was activated in
DMEM and antibiotics by equilibration for 10 min at room
temperature. The probes and activated Lipofectamine were
mixed together, and the lipid complexes were incubated at
37 °C for 20 min. The lipid complexes were directly added to a
35-mmdish containing HeLa cells andmixed gently by rocking
after incubation at 37 °C for 16 h. Then the Cu catalyst was
added and incubated at 37 °C for 3 h. For imaging the probes,
the excitation and absorbance filters were 360/40 and 470/40
nm, respectively.
Clonogenic Assay—A clonogenic assay was performed as

described previously (21). Cells were treated with DNA-2
(T-oligo), RNA-1 (telomeric RNA oligo), DNA-2/RNA-1
(DNA-RNA complex oligo), or diluent for 1 week and then

Hybrid G-Quadruplex Formation

41788 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 50 • DECEMBER 7, 2012

http://www.jbc.org/cgi/content/full/M112.342030/DC1
http://www.jbc.org/cgi/content/full/M112.342030/DC1


trypsinized and counted. Each oligo concentration is 40 �M.
Three hundred cells were seeded into 60-mm culture dishes in
triplicate and then incubated in complete medium for 2 weeks
with medium changes twice per week. Subsequently, the cells
were fixed for 5min in 100%methanol. Themethanol was then
removed, and the culture dishes were rinsed briefly with water.
Then the cell colonies were stained for 10 min in 4% (w/v)
methylene blue solution in PBS, washed once again with water,
and then counted.

�-Galactosidase Staining (SA-�-Gal) Assay—�-Galactosid-
ase staining (SA-�-Gal) assay was performed as described pre-
viously (22). The cells were washed in PBS, fixed for 15 min at
room temperature in 4% formaldehyde in PBS, washed, and
incubated at 37 °C with cell staining working solution of the
�-galactosidase staining kit (Mirus). Staining was evident in
16 h.
Cell Growth—HT-1080 and HeLa cells were grown at 37 °C

and 5% CO2 in DMEM (1.5 ml) containing 10% FBS and anti-
biotics (penicillin and streptomycin). FuGENEHD transfection
reagent (Roche) was used for transfection. pWZL Hygro-
TRF2�B�M with transfection reagent was transfected in a ratio
of 1:3 (w/w) to 90% confluent cells in a 24-well plate at 37 °C and
5% CO2 for 16 h. Then the cells were seeded in a 24-well plate
with or without 40�Mof telomeric RNA (RNA-1). Hygromycin
B was added for selection. After 7 days of selection, each cells
were seeded in duplicate at concentration of 1 � 104 cells/ml/
well in a 24-well plate. Living cells were counted using a Count-
ess automated cell counter (Invitrogen) every other day.
HT1080 cells expressing TRF2�B�M in treatment with or with-
out telomeric RNA-1 (40 �M) were incubated.

RESULTS

G-quadruplex Formation by Human Telomeric DNA and
RNAOligonucleotides as aModel System to Study the Relation-
ship between Telomeric DNAandRNA—Telomeric RNAswere
found to be localized with telomeric DNA (11, 12), suggesting a

possible association between telomeric RNA and telomeric
DNA. We assume that this association of telomeric RNA with
telomeric DNA may be involved in the formation of an inter-
molecular G-quadruplex structure. To test this hypothesis, we
performed a DMS footprinting assay. DMS footprinting has
been used to identify G residues involved in the formation of a
G-quadruplex (23). The N7 position of each G involved in the
formation of a G-quadruplex is protected against methylation
byDMS throughHoogsteen bonding (23). The cleavage pattern
of G residues is used to probe G-quadruplex formation. In the
absence of telomeric RNA (RNA-1), DNA-1, a sequence con-
taining telomeric DNA repeats, was cleaved randomly at every
G residue, suggesting an unstructured form (Fig. 1a, lanes
4–6). However, in the presence of the telomere RNA sequence
RNA-1, G residues were either partially or fully protected from
piperidine cleavage (Fig. 1a, lanes 1–3). The DMS footprinting
pattern suggests that oligonucleotidemodels of telomeric DNA
and RNA can form an intermolecular DNA-RNA G-quadru-
plex. We noted that the dominant CD band of DNA-1 at 280
nm was shown as the characteristic of the single-stranded
structure, consistent with the results of the DMS footprinting
assay and melting temperature (Tm) curve analysis (supple-
mental Fig. S1) (24–26).
To define the structural features of the DNA-RNA G-qua-

druplex, we examined the conformation of human telomeric
DNA-RNA complex using CD spectroscopy. The CD spectrum
of DNA-2 in the presence of Na� showed a positive peak at 290
nm and a negative peak at 265 nm, which is a characteristic CD
signature of an antiparallel G-quadruplex structure (Fig. 1b).
Upon the addition of telomeric RNA (RNA-1) to the telomeric
DNA (DNA-2), the peak at 290 nm disappeared, whereas a
strong positive peak at 260 nm appeared, suggesting that a par-
allel G-quadruplex was formed by oligonucleotide models of
telomeric DNA and RNA (Fig. 1b). Similarly, CD spectrum
analysis showed that a parallel G-quadruplex was formed when

FIGURE 1. DNA-RNA G-quadruplex formation by telomeric DNA and RNA oligonucleotides. a, DMS footprinting assay for analysis of G-quadruplex
formation. A representative gel electropherogram of a FAM-labeled oligonucleotide (DNA-1) in the presence or absence of telomeric RNA (RNA-1) is shown.
The RNA-1 contains two repeats of the human telomeric RNA sequence r(UAGGGUUAGGGU). Lanes 1, 2, and 3 show DMS footprinting in the presence of
telomeric RNA-1. Lanes 3, 4, and 5 show DMS footprinting in the absence of telomeric RNA-1. Reaction times: 5, 10, and 25 min. b, CD spectrometry. Upper panel,
d(TAGGGTTAGGGT) DNA-2 with or without RNA-1 in the presence of 100 mM NaCl at 25 °C. Bottom panel, DNA-2 with or without RNA-1 in the presence of 100
mM KCl at 25 °C. c, schematic structure of an intermolecular DNA-RNA G-quadruplex formed by human telomeric DNA and RNA. The blue and red boxes show
dG of DNA and rG of RNA.
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equal amounts of telomeric RNA were added to the telomeric
DNA in the presence of K�, when the peak at 290 nm disap-
peared, whereas the intensity of the 260-nm peak increased
(Fig. 1b) (27, 28). According to CD melting experiments, the
Tm value of the intermolecular G-quadruplex in 100 mM KCl
solution was 65 °C (supplemental Fig. S2), indicating high ther-
modynamic stability.
Recent advances in MS have made it a successful technique

for investigating noncovalent intermolecular complexes of
DNA, RNA, and PNA-DNA hybrids (29, 30). To further char-
acterize the DNA-RNA G-quadruplex structure, MALDI-TOF
MS was used to directly observe the G-quadruplex formation.
We observed peaks nearm/z (7591.5� nK�), corresponding to
the sum of the molecular weights (MW) of DNA-2 and RNA-1
of the DNA-RNA G-quadruplex (the sum of MW � 3892.3
(DNA-2MW)� 3700.2 (RNA-1MW)) (supplemental Fig. S3),
suggesting that the intermolecularG-quadruplex remained sta-
ble even in the gas phase (30).
G-quadruplex structures display characteristic resonances

for the imino protons, whose presence may be used to confirm
the presence of the G-quadruplex structure in solution (31, 32).
We investigated the structure of the RNA-1 and DNA-2 com-
plex usingNMR. In the imino proton region of the 600MHz 1H
NMR spectrum in the presence of K�, peaks that were assign-
able to the guanine imino protons of the G-quadruplex struc-
ture were observed at 11.0–12.0 ppm (supplemental Fig. S4)
(31, 32). These signals corresponded to the G residues of the
G-quadruplex, indicating that RNA-1 andDNA-2 formaDNA-
RNA G-quadruplex (Fig. 1c).
Mimicking the Naturally Formed Telomeric DNA-RNA

G-quadruplexes in Living Cells UsingOligonucleotideModels of
Telomeric DNA and RNA—As the naturally formed telomeric
G-quadruplex structures are difficult to probe in living cells, we
next employed a model system using telomeric RNA and DNA
oligonucleotides to mimic the naturally formed telomeric
DNA-RNA G-quadruplexes in living cells. Therefore, we pre-
pared three oligonucleotide probes with fluorophores at their
3� terminus to investigate whether an intermolecular G-qua-
druplex is present in living cells (33). For the DNA-2-Cy3 and
control-DNA-Cy3 probes, the Cy3 fluorophore was incorpo-
rated into the 3� end of the G-rich sequence 5�-TAGGGT-
TAGGGT-3� (DNA-2) and the 3� end of random-sequence
5�-GTAGGTGAGTGT-3� (control DNA, non-telomeric
sequence), respectively. For the RNA-1-FAM probe, the FAM
fluorophore was incorporated into the 3� end of the G-rich
sequence 5�-UAGGGUUAGGGU-3� (RNA-1).When two fluo-
rophore-labeled probes are in their free form without G-qua-
druplex formation, both fluorophore molecules are spatially
separated, and two colors can be observed. Formation of the
G-quadruplex brings the fluorescent molecules at the 3� ends
into close proximity and produces a color change.We observed
colocalization of the fluorescent signals (orange) when the
FAM-labeled probe RNA-1-FAM (green) and the Cy3-labeled
probe DNA-2-Cy3 (red) were transfected into living cells (Fig.
2a). This colocalization was not observed when the random
probe control-DNA-Cy3was used (Fig. 2b). These observations
suggest that oligonucleotide models of telomeric DNA and
RNA can colocalize and form a DNA-RNA G-quadruplex in

cells. This is consistent with recent results showing that a
G-quadruplex dimer is formed in living cells (20).
To further prove DNA-RNA hybrid G-quadruplex forma-

tion using oligonucleotide models of telomeric DNA and RNA
in living cells, we developed a light-up reporter strategy to
probe for the telomeric DNA-RNA G-quadruplex. We
designed and synthesized a probe (DNA-3) having the two-
repeat 12-mer human telomere DNA and azidocoumarin moi-
ety at its 5� terminus and another probe with a 5� alkyne at the
5� end of a 12-mer RNA (RNA-2) (Fig. 3a) (supplemental
schemes 1–3). Nonfluorescent azidocoumarin was chosen as a
profluorophore. The profluorophore has no fluorescence
because of the quenching effect of the electron-rich �-nitrogen
of the azido group (34, 35). Substitution at the 7-position of
coumarin dyes has a significant influence on their fluorescence
properties. In fact, formation of a triazole ring at its 7-position
by azide-alkyne cycloaddition will eliminate quenching, result-
ing in a strong fluorescence. The coumarin dye as a profluoro-
phore can produce a strong fluorescence when a triazole ring is
formed by azide-alkyne cycloaddition (Fig. 3a) (35–37). When
the coumarin dye-labeled probe is free in the solution (or in the
cell) without G-quadruplex formation, two molecules (azido-
coumarin and alkyne at the 5� end) are separated spatially, and
no fluorescence is observed. Formation of the G-quadruplex
brings the two molecules at the 5� ends into close proximity,
allowing the azide-alkyne cycloaddition reaction to produce a
strong fluorescence by the formation of a triazole ring (Fig. 3a).
The emission color serves as a means to rapidly probe DNA-
RNA G-quadruplex formation. The advantage of the structure
dependence of an emission production is that the cycloaddition
reaction can strongly provide evidence for G-quadruplex for-
mation. A strong interaction by G-quadruplex formation is the
only effective way to induce the cycloaddition reaction. The
simple molecule colocalization and decoy effects of the oligo-
mers are unable to promote the click reaction by bringing the 5�
alkyne and 5� azidocoumarin reaction partners into close prox-
imity to one another.
We found that the formation of G-quadruplex between the

12-mer azidocoumarin-contained DNA-3 and the 5� alkyne
12-mer RNA (RNA-2) activated the weakly fluorescent couma-
rin to give an intensely fluorescent triazole product by the
cycloaddition reaction (Fig. 3, b and c). A clear blue color was
observed by the naked eye with the addition of the Cu catalyst
(Fig. 3c). The fluorescence spectrum in the presence of the Cu
catalyst exhibits an emission band at 450 nmwhereas, on using
a 12-mer RNA-3 as a control (without telomeric sequence), no
emission was observed (Fig. 3b). The resulting product of the
click reactionwas characterized byMALDI-TOFMS, revealing
that the product is the azido-alkyne cycloaddition product
(M-H� calculated, 8215.2; found, 8217.4) (Fig. 3d). To docu-
ment the direct evidence of the presence of DNA-RNAG-qua-
druplexes in living cells, oligonucleotide probes were applied to
living cells (Fig. 4a). We incubated human HeLa cells with the
probes and visualized the live cells by fluorescencemicroscopy.
The cycloaddition reaction was started by adding new cell
medium containing the Cu catalyst. We directly observed the
cells by using a fluorescent microscope without fixation and
washing. We clearly observed the blue fluorescence from the
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catalyst-treated cells (Fig. 4b). Negative cells that were
untreated with the Cu catalyst remained virtually nonfluores-
cent (Fig. 4c). Taken together, these observations suggest that
the process of DNA-RNAG-quadruplex formation using oligo-
nucleotide models of telomeric DNA and RNA could occur in
cells, consistent with the results of our previous study using a
click chemistry approach, and showing that a DNA-RNA
G-quadruplex structure was formed in solution using human
telomeric DNA and RNA oligonucleotides (38, 39).
We next prepared a FRET molecular beacon to investigate

telomeric DNA-RNAG-quadruplex formation by natural telo-
meric RNA and beaconDNA in living cells. Themolecular bea-
con containing telomere DNA sequence is designed to form a
stem-loop hairpin structure in the absence of a target, quench-
ing the fluorophore reporter FAM (supplemental Fig. S5). The
formation of a G-quadruplex with a natural telomeric RNA
target causes the hairpin to open, separating the fluorophore
and the quencher (DABCYL) and restoring the fluorescence.
To detect DNA-RNA G-quadruplex formation, the molecular
beacon was delivered into HeLa cells. The resulting fluores-
cence signal was visualized 6 h after delivery, as shown in Fig.
6S. The imaging result was consistent with the click chemistry
approach, suggesting that a DNA-RNA G-quadruplex could

form using telomeric RNA and artificial DNA oligomers in
cells.
Protective Effect of DNA-RNA G-quadruplex on the Clono-

genic Capacity of T-oligo-treated Cells—Having demonstrated
that oligonucleotide models of telomeric DNA and RNA can
form a DNA-RNA G-quadruplex structure, we next investi-
gated the possible roles of the DNA-RNA G-quadruplex in
telomere protection. Recent evidence suggests that exposure to
oligonucleotides (T-oligos) homologous to the telomere 3�
telomere overhang activated the p53 pathway and induced
senescence in cells (21, 40). The T-oligos are believed to mimic
exposure of the 3� telomeric overhang DNA (uncapping the
telomere) and activate DNA damage responses, which induce a
transient cell cycle arrest or apoptosis (21, 40). To investigate
the function of telomeric RNA,we induced telomere uncapping
by treatment with the T-oligo and used a clonogenic assay to
examine the protective effect of the DNA-RNA G-quadruplex.
HT1080 cells were treated with a T-oligo (DNA-2), a telomeric
RNA oligo (RNA-1), a DNA-RNA oligo complex containing
telomere DNA and RNA (DNA-2/RNA-1) (two oligos with
homologous sequence from the DNA-RNA G-quadruplex), or
diluent left alone for 1 week (Fig. 5). To enhance cellular uptake
of the DNA fragment and mimic T-oligos, DNA-2 with a

FIGURE 2. Fluorescence microscopy images of the intermolecular G-quadruplex formed by oligonucleotide models of telomeric DNA and RNA in
living cells. a, RNA-1-FAM signals are shown in green, and DNA-2-Cy3 signals are shown in red. The colocalization of the two signals generates orange signals
(arrows). b, for RNA-1-FAM and control-DNA-Cy3, there is no colocalization of fluorescent signals. RNA-1-FAM, the FAM fluorophore is located at the 3� end of
the G-rich sequence 5�-UAGGGUUAGGGU-3� (RNA-1). DNA-2-Cy3, the Cy3 fluorophore is located at the 3� end of the G-rich sequence 5�-TAGGGTTAGGGT-3�
(DNA-2). Control-DNA-Cy3, the Cy3 fluorophore is located at the 3� end of the random sequence 5�-GTAGGTGAGTGT-3� (control DNA).
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homologous telomeric sequence was used instead of DNA-1.
An equal number of cells were seeded in 60-mm culture dishes
in triplicate and then incubated in a complete medium for 2
weeks, and the medium was changed twice a week. The dishes
were then stained with methylene blue (Fig. 5a). The clono-
genic capacity of cells pretreated with T-oligo (DNA-2) was
almost completely suppressed (8.7 � 1.5% of diluent-treated
control; p � 0.01; Fig. 5, a and b), consistent with previous
results showing that the addition of T-oligo caused cells to
undergo apoptosis (21, 40). Surprisingly, in contrast, we found
that the treatment of cells with the DNA-RNA oligo complex
(DNA-2/RNA-1) caused a significant increase in the clono-
genic capacity (85.1 � 9.8% of diluent-treated control; Fig. 5, a
and b), similar to that observed with telomeric RNA alone or
diluent alone. Enhanced clonogenicity is known to accompany
the inhibition of SA-�-Gal activity (40). Thus, we next exam-
inedwhether theDNA-RNAG-quadruplex could inhibit SA-�-
Gal activity induced by exposure to T-oligo. HT1080 cells were
treated with diluent, DNA-2, control DNA (non-telomeric
sequence), DNA-RNA oligo complex, or DNA/control RNA
oligo complex (DNA-2/control RNA; control RNA was a non-
telomeric sequence RNA) as a control for 1week, and SA-�-Gal
activity was then assessed (Fig. 5c). The cells treated with the
DNA-2/RNA-1 did not exhibit senescent morphology, and
SA-�-Gal activity was almost completely abolished (Fig. 5c),
similar to diluent- and control DNA-treated cells. In a parallel
experiment, cells treatedwith theDNA-2/control RNA showed
increased SA-�-Gal activity and exhibited senescent morphol-

ogy similar to DNA-2 (Fig. 5c). These findings suggest that the
DNA-RNA G-quadruplex formation induced a protective
response regarding the survival and proliferation of cells.
Protective Effect of the DNA-RNA G-quadruplex in

TRF2�B�M-expressing Cells—To further reveal the function of
the DNA-RNA G-quadruplex, we used a dominant-negative
mutant of TRF2, TRF2�B�M, which lacks the NH2-terminal
basic domain and the COOH-terminal Myb domain. Overex-
pression of TRF2�B�M results in the rapid induction of
senescence in human fibroblasts (41, 42). Cells in TRF2�B�M-
induced senescence display a reduction in the G-rich single-
stranded overhang, leading to the disruption of the “capping”
structure of telomeres (42). Consistent with the effect of
TRF2�B�M, TRF2�B�M-expressing HT1080 human fibrosar-
coma cells ceased to proliferate, whereas control cells contin-
ued to grow (Fig. 6a). In contrast, we found that cell prolifera-
tionwas significantly augmented at almost the same rate as that
observed in the diluent control-treated cells, when the cells
were treated with a telomeric RNA oligo (RNA-1) (Fig. 6a). To
further understand this protective function, we examined
whether telomeric RNA could inhibit SA-�-Gal activity. SA-�-
Gal activity has been used as an indicator of cellular senescence
(21). In contrast to cells expressing TRF2�B�M alone, cells
treated with the telomeric RNA oligo did not exhibit senescent
morphology and showed significantly decreased SA-�-Gal
activity, similar to that observed in the diluent-treated cells
(Fig. 6b). We also noted that cells treated with a control RNA
(non-telomeric sequence) showed increased SA-�-Gal activity

FIGURE 3. A light-up reporter strategy to probe DNA-RNA hybrid G-quadruplex formation. a, 7-azidocoumarin as a profluorophore was incorporated into
the 5� terminus of 12-mer human telomere DNA (DNA-3, 5�-MTAGGGTTAGGGT-3�). The profluorophore containing azide moiety is fluorescent inactive. G-qua-
druplex formation by the DNA and RNA (RNA-2, 5�-KUAGGGUUAGGGU-3�) promotes a click reaction to trigger the fluorescence signals by formation of a triazole
ring. This can be used as a reporter to probe DNA-RNA G-quadruplex formation. b, fluorescence spectra for oligonucleotide probes. Cu (�) (em), with Cu catalyst
for emission spectrum; control, using the 12-mer RNA-3 (5�-KUUUUUUUUUUUU-3�) as a control; Cu (�) (ex), excitation spectrum (350 nm). c, fluorescence image
of probes without and with Cu catalyst after illumination with a UV lamp (365 nm). d, MALDI-TOF MS spectrum of the click reaction product of DNA-3 and RNA-2.
After completion of the reaction, the click-ligated oligonucleotide was purified by RP-HPLC and analyzed by MALDI-TOF mass spectrometry.
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and exhibited senescent morphology, indicating that the
mutated RNA had no effect on the inhibition of cellular
senescence (Fig. 6b). Together, these results suggest that
human telomeric RNA may provide a protective effect for
telomere ends by forming a DNA-RNA G-quadruplex with
telomeric DNA.

DISCUSSION
The discovery of telomere RNA molecules opens new doors

to a better understanding of the essential biological role of
telomeres. There is a clear need to revisit the structural and
functional mechanisms of telomeres accompanying telomere
RNA participation. Our findings provide evidence that human
telomeric RNA contributes to telomere end protection. It is
noted that the system described here potentially mimics a nat-
urally formed structure in cells. Human telomere structures are
difficult to probe in cells using antibodies because the concen-
tration of G-quadruplexes in humans is too low to be detected
in the presence of only a few dozen chromosome ends (92
telomeres/cell inG1 of the cell cycle and twice asmany inG2). In
a previous study, Schaffitzel et al. (43) suggested that Styl-

onychia lemnae telomeric DNA forms an antiparallel G-qua-
druplex in vivo by using a single-chain antibody, in which�2�
108 telomeres are present in one macronucleus. Human telo-
meric G-quadruplex structures are difficult to probe in living
cells, and thus far, direct evidence for the existence of human
telomeric DNA and RNA G-quadruplexes in cells has not yet
been obtained. In this study, to overcome these limitations, we
employed amodel system of telomeric RNA andDNA oligonu-
cleotides to mimic the naturally formed telomeric DNA-RNA
G-quadruplexes in living cells, providing suggestive evidence
for the natural existence of this structure.
The formation of an intermolecular G-quadruplex by oligo-

nucleotide models of telomeric DNA and RNA provides a pro-
tective effect. A simple explanation for the protective action of
telomeric RNA involves a steric interference model in which a
higher-order structure formed by the DNA-RNA complexmay
avoid exposure of single-stranded telomericDNAandblock the
access of key regulatorymolecules to the single-stranded DNA.
Recently, we demonstrated that long telomeric overhang DNA
consecutively forms G-quadruplexes (9). Long telomeric RNAs

FIGURE 4. Schematic for detection of DNA-RNA G-quadruplex formation in living cells using oligonucleotide probes. a, G-quadruplex formation in living
cells will induce the fluorescence signals. b and c, fluorescence microscopy images of live cells with Cu catalyst (b) and without Cu catalyst (c). ph, phase-contrast
imaging.
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were also suggested to form a higher-order telomeric G-qua-
druplex structure (16–18). The telomeric DNA-RNA G-qua-
druplex may be involved in a superhelix structure formed by
human telomericDNAandRNAandprovide a protective effect
(Fig. 7).
Some proteins have been suggested to be associated with

telomeric RNA. A shelterin component, such as TRF2, was
found to recruit telomeric RNA to telomeric DNA (44). Over-

expression of TRF2�B�M, which caused the loss of TRF 2 from
telomeres, may lead to failure in recruiting telomeric RNA to
telomeric DNA. This is consistent with our observations that
the addition of telomeric RNA oligo to TRF2�B�M-expressing
cells inhibits the senescent morphology and fusion events. Sev-
eral telomeric DNA-binding proteins have been found to be
associated with telomere G-quadruplex. Rap1 is known to pro-
mote G-quadruplex formation (45). Stm1p aids in telomere

FIGURE 5. Effect of human telomeric RNA on clonogenic capacity of T-oligo-treated cells. a, the exogenous T-oligo has been suggested to mimic the
uncapped dysfunctional endogenous telomere overhang, inducing DNA damage responses and a senescent phenotype, reducing the clonogenic capacity of
the cells. Cells were treated with DNA-2 (T-oligo), RNA-1 (telomeric RNA oligo), DNA-2/RNA-1 (DNA-RNA oligo complex), or diluent. The cells were then
incubated and assayed (clonogenic assay). Colonies of cells were stained with methylene blue. The appearance of the stained dishes showed that the number
of colonies in cells treated with DNA-RNA oligo complex markedly increased compared with DNA-2 alone. b, quantification of clonogenic capacity. Colonies in
triplicate cultures, shown above, were counted and plotted as a percentage of the diluent-treated control. Error bars represent mean � S.D. c, effect of human
telomeric RNA on SA-�-Gal activity in T-oligo-treated cells. Cells were treated with diluent, DNA-2 (T-oligo), control DNA (non-telomeric sequence), DNA-2/
RNA-1 (DNA-RNA oligo complex), or DNA-2/control RNA, control RNA r(GUAGGUGAGUGU) (non-telomeric sequence). The resulting cells were stained and
assayed for SA-�-Gal activity.

FIGURE 6. Growth curve analysis of HT1080 cells expressing TRF2�B�M in treatment with or without telomeric RNA oligo (RNA-1) and diluent alone. a,
after 3 weeks, cells treated with telomeric RNA-1 proliferated at almost the same rate as diluent control cells. Data are mean � S.E. of three experiments. b, effect
of human telomeric RNA on the TRF2�B�M-induced senescent morphology and SA-�-Gal expression. TRF2�B�M-expressing cells were treated with telomeric
RNA-1, diluent, or control RNA (non-telomeric sequence). The resulting cells were assessed for SA-�-Gal activity 15 days later.
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protection and can bind a G-quadruplex (46). POT1 promotes
G-quadruplex unfolding (47, 48). Recent studies demonstrated
that telomere RNA promotes POT1 binding to telomeric sin-
gle-strandedDNAby removing hnRNPA1 (49), suggesting that
telomeric RNA is involved in telomere capping to preserve
genomic integrity, consistent with our results. Whether these
proteins or other factors interact with the telomericDNA-RNA
G-quadruplex remains to be discovered. In addition, telomere
DNA, telomere RNA, and related proteins may form a TDRP
body (telomeric DNA, RNA, and proteins are referred to as
TDRP (50).
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